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Summary
Objectives: Cartilage defects are highly prevalent in subjects with knee osteoarthritis (OA). Although they are associated with increased
cartilage loss and joint replacement, there is little data on the natural history of cartilage defects. The aim of this study was to examine the
progression of cartilage defects over 2 years in people with knee OA and to identify factors associated with progression.
Methods: One hundred and seventeen subjects with OA underwent magnetic resonance imaging of their dominant knee at baseline and
follow-up. Cartilage defects were scored (0e4) at four sites. Bone size of the medial and lateral tibial plateau was determined. Height, weight,
body mass index and physical activity were measured by standard protocols.
Results: The mean cartilage defect score increased signiﬁcantly over the 2-year study period in all tibiofemoral compartments (all P< 0.001),
except the lateral tibial compartment with age and tibial plateau bone area at baseline being predictors of progression. However, there was
heterogeneity with 81% progressing at any site, 15% remaining stable and 4% decreasing.
Conclusion: Over 2 years, cartilage defects tend to progress in people with symptomatic OA, with only a small percentage decreasing in
severity. Increasing age and increased bone area are risk factors for progression. Interventions aimed at preventing cartilage defects from
occurring and reducing their severity may result in a reduction in the severity of OA, by reducing loss of articular cartilage and subsequent
requirement for knee joint replacement.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a disease of multifactorial aetiology,
which affects the entire joint. Loss of knee cartilage volume
is associated with a worsening of knee symptoms1 and
knee joint replacement2. Defects in articular cartilage, de-
tected using magnetic resonance imaging (MRI) are found
in healthy subjects as well as in those with OA3,4. They
have been shown to occur following trauma5 and are asso-
ciated with the radiographic criteria for OA6e8 and correlate
with symptoms9,10. In younger largely healthy subjects, the
prevalence and severity of cartilage defects increase with
age and body mass index (BMI)11,12. Cartilage defects are
associatedwith decreased knee cartilage volume3, increased
rate of cartilage loss11,13 and knee joint replacement14.
Previous studies have focused on the natural history of
cartilage defects in healthy, non-symptomatic popula-
tions11,15,16 with little data on the natural history of cartilage
defects in those with OA9,17,18. In a young population*Address correspondence and reprint requests to: Prof. Flavia
Cicuttini, M.B.B.S., F.R.A.C.P., PhD., Department of Epidemiology
and Preventive Medicine, Monash University, Central and Eastern
Clinical School, Alfred Hospital, Melbourne, Vic 3004, Australia.
Tel: 61-3-9903-0555; Fax: 61-3-9903-0556; E-mail: ﬂavia.cicut
tini@med.monash.edu.au
Received 21 March 2007; revision accepted 3 July 2007.
337containing the adult offspring of people who underwent
knee joint replacement for OA, articular cartilage defects
progressed in 33% of people and improved in 37% over
2.3 years, however only 17% of the study population actually
had radiographically diagnosed OA15. In contrast, in 43 sub-
jects with chronic knee pain, of which 15 had radiographic
criteria of OA, who were studied over 2 years, 66% of de-
fects remained constant9. Amin et al. who examined a larger
population, found that 60% of medial and 83% lateral carti-
lage remained unchanged17,18 over at least 15 months.
Therefore, we performed a 2-year cohort study of individ-
uals with established symptomatic knee OA to determine
the natural history of cartilage defects and to identify factors
that might inﬂuence this.Materials and methodsSTUDY PARTICIPANTSSubjects with knee OA were recruited by advertising through local news-
papers and the Victorian branch of the Arthritis Foundation of Australia and
in collaboration with General Practitioners, Rheumatologists and Orthopaedic
Surgeons19. The study was approved by the ethics committee of the Alfred
and Caulﬁeld hospitals in Melbourne, Australia. All patients gave informed
consent. One hundred and thirty two subjects aged over 40 years who fulﬁlled
American College of Rheumatology (ACR) clinical and radiographic criteria
for knee OA20, with pain and osteophytes present within the knee, entered
the study. Subjects were excluded if any other form of arthritis was present,
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planned, or if they were unable to cooperate with study requirements. This pop-
ulation has been previously described19.DATA COLLECTIONAt baseline, participants completed a questionnaire that included demo-
graphic data and level of current physical activity21. Weight was measured
to the nearest 0.1 kg (shoes, socks and bulky clothing removed) using a single
pair of electronic scales. Height was measured to the nearest 0.1 cm (shoes
and socks removed) using a stadiometer. BMI (weight/height2 kg/m2) was cal-
culated. Pain, stiffness, and function of the knee were assessed using
WOMAC (Western Ontario and McMaster University Osteoarthritis Index)22.RADIOGRAPHIC EVALUATIONAt baseline, each subject had a weight-bearing anteroposterior (AP) tibio-
femoral radiograph taken of the symptomatic knee in full extension23. All radio-
graphs were independently scored by two trained observers (AW and FC)
using a published atlas to grade radiological features of tibiofemoral OA on
a four point scale (0e3) for individual features of osteophytes and joint space
narrowing where 0¼ no disease and grade 3¼most severe grade as de-
scribed in the atlas24. Intraobserver reproducibility was 0.93 for osteophytes
and 0.93 for joint space narrowing. Interobserver reproducibility was 0.86
for osteophytes and 0.85 for joint space narrowing (by k statistic)25. Where
both knees were symptomatic and showed changes of radiographic OA, the
knee with the least severe disease was used.
Measurement of static knee alignment
Knee angles were measured by a single blinded trained observer from
standing AP radiographs using the software program Osiris (University of
Geneva)26. Lines were drawn through the middle of the femoral shaft and
through the middle of the tibial shaft. The angle subtended at the point at
which these two lines met in the centre of the tibial spines, and was recently
validated by Hinman et al.27 as an alternative to the mechanical axis on full-
leg radiographs. Knee angles were considered as a continuum ranging from
0 to 360, with 0 representing extreme varus and 360 representing ex-
treme valgus. Although these degrees of varus and valgus are not clinically
observed, this range was used to avoid deﬁning varus and valgus from an
arbitrarily chosen midline value, and allow quantiﬁcation of change in align-
ment. Intraobserver reliability [expressed as intraclass correlation coefﬁcient
(ICC)] was 0.9828.MRI EXAMINATIONEach subject had an MRI performed on the symptomatic knee at baseline,
and were followed up by a repeated MRI performed on the same knee ap-
proximately 2 years. Knees were imaged in a sagittal plane on the same
1.5-T whole-body magnetic resonance unit (Signa Advantage HiSpeed GE
Medical Systems, Milwaukee, WI, USA) using a commercial receive-only
extremity coil. The following sequence and parameters were used: a
T1-weighted, fat-suppressed 3D gradient recall acquisition in the steady
state; ﬂip angle 55; repetition time 58 ms; echo time 12 ms; ﬁeld of view
16 cm; 60 partitions; 512 (frequency direction, superioreinferior) 512
(phase encoding direction, anterioreposterior) matrix; one acquisition, time
11 min 56 s. Sagittal images were obtained at a partition thickness of
1.5 mm and an in-plane resolution of 0.31 mm 0.31 mm (512 512
pixels)1,25.
Cartilage defect assessment
Cartilage defects were graded on the MR images using a validated clas-
siﬁcation system29e31 at the medial tibial, medial femoral, lateral tibial and
lateral femoral sites as previously described3,11,14,16. Cartilage defects
were graded based on depth as follows: grade 0, normal cartilage; grade
1, focal blistering and intracartilaginous low-signal intensity area with an in-
tact surface and bottom; grade 2, irregularities on the surface or bottom
and loss of thickness of less than 50%; grade 3, deep ulceration with loss
of thickness of more than 50%; grade 4, full-thickness cartilage wear with ex-
posure of subchondral bone. A cartilage defect also had to be present in at
least two consecutive slices. The baseline and follow-up cartilage defects
were graded in duplicate (the cartilage defects were re-graded 1 month
later), unpaired and blinded to the sequence. The defect scores at medial ti-
biofemoral (0e8) and lateral tibiofemoral (0e8) compartments were used in
the study. A prevalent cartilage defect was deﬁned as a cartilage defect with
a score of 2 at any site within that compartment. A cartilage defect was de-
ﬁned as ‘‘progressing’’ if the defect score increased or ‘‘improving’’ if the de-
fect score decreased over the 2-year follow-up, respectively. Intraobserver
reliability (expressed as ICC) was 0.90 for the medial tibiofemoralcompartment, and 0.89 for the lateral tibiofemoral compartment. Interob-
server reliability was assessed in 50 MRIs and yielded an ICC of 0.90 for
the medial tibiofemoral compartment, and 0.85 for the lateral tibiofemoral
compartment12,32.
Cartilage volume measurement
Tibial cartilage volume was determined by means of image processing on
an independent workstation using the software program Osiris (University of
Geneva) as previously described25,33. Two trained observers read and mea-
sured cartilage volume on each MRI, blinded to the patient’s identiﬁcation and
study sequences as previously described28. The coefﬁcient of variations
(CVs) for cartilage volume measures were 3.4% for medial tibial, and 2.0%
for lateral tibial cartilage25.
Bone area measurement
Medial and lateral tibial plateau cross-sectional areas were used as
a measure of bone size. These were determined using Osiris software (Uni-
versity of Geneva) as previously described25,33,34. Medial and lateral tibial
plateau areas were determined by creating an isotropic volume from the in-
put images, which were reformatted in the axial plane. Areas were directly
measured from these images. The CV for bone size measures was 2.3%
for medial and 2.4% for lateral tibial plateau area25.STATISTICAL ANALYSESDescriptive statistics for the characteristics of the study subjects were tab-
ulated. Paired samples t tests were used for comparison ofmeans. The annual
change of cartilage defect score was assessed for normality prior to linear re-
gression techniques being used to explore the possible factors affecting an-
nual change in tibiofemoral cartilage defect score. The severity of OA was
adjusted for by including baseline cartilage volume and tibial bone plateau
area within the regression model35. A P value of less than 0.05 (two-tailed)
was regarded as statistically signiﬁcant. All analyses were performed using
the SPSS statistical package (standard version 14.0, SPSS, Chicago, IL,
USA).Results
One hundred and seventeen participants (89%) com-
pleted the follow-up with interpretable scans (Table I). Nine
subjects were lost to follow-up: two moved overseas or inter-
state, three were too busy to continue in the study, two had
knee surgery, one died of complications related to diabetes
mellitus and chronic obstructive airways disease and one
subject was too ill to continue due to multiple sclerosis. Six
subjects’ images were unsuitable for measurement of carti-
lage defects. Those lost to follow-up at 2 years were slightly
taller (P¼ 0.62), weighed more (P¼ 0.07) and had slightly
higher tibial cartilage volume at baseline (P¼ 0.03).
Most subjects had mild to moderate OA with 25 (20%)
having severe (grade 3) medial tibiofemoral osteophytes
and/or joint space narrowing and only 18 (15%) having
severe lateral tibiofemoral osteophytes and/or joint space
narrowing. Tibial cartilage defects were common, 56% of
people had them in the medial compartment and 64% in
the lateral compartment.
The change in cartilage defect score from baseline to
2-year follow-up is presented in Table II. The mean cartilage
defect score increased signiﬁcantly over the ﬁrst 2-year
study period in all tibiofemoral compartments (P< 0.001)
except the lateral tibial compartment. The medial and lateral
tibiofemoral defect scores increased in 68% and 66% of
subjects; remained unchanged in 13% and 18% of subjects;
and decreased in 19% and 16% of subjects, respectively.
In the total tibiofemoral compartment, 81% of defect scores
increased overall, 15% remained unchanged and 4%
decreased (P< 0.001). A representative MR image of a pa-
tient showing progression of cartilage defects over 2 years
is presented in Fig. 1.
Table I
Characteristics of study population at baseline
n¼ 117
Age (years) 63.7 (10.2)
Gender (% female) 68 (58%)
Height (cm) 167.0 (8.9)
Weight (kg) 80.5 (15.0)
BMI (kg/m2) 28.8 (5.1)
WOMAC score
Pain 81 (44)
Stiffness 40 (22)
Function 307 (170)
Total 427 (225)
Tibiofemoral osteophytes grade 2 (%)
Medial 24 (20%)
Lateral 34 (29%)
Joint space narrowing grade 2 (%)
Medial 38 (32%)
Lateral 14 (12%)
Tibial plateau bone area (cm2)
Medial 20.8 (3.9)
Lateral 13.6 (2.6)
Tibial cartilage volume (mls)
Medial 1.74 (0.5)
Lateral 1.92 (0.6)
Prevalence of defects grade 2 (%)
Medial compartment 66 (56%)
Tibial 61 (52%)
Femoral 39 (33%)
Lateral compartment 64 (55%)
Tibial 64 (55%)
Femoral 19 (16%)
Cartilage defect score*
Medial tibiofemoral 3 (1.0e8.0)
Lateral tibiofemoral 2 (1.0e7.0)
Knee angle 180.7 (5.8)
Data reported as mean [standard deviation (SD)], except where
variables categorical.
*Data reported as median and range.
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tibiofemoral cartilage defect score over 2 years are pre-
sented in Table III. Age was positively associated with
change in medial cartilage defect score after adjusting
for confounders (P¼ 0.01). Baseline cartilage defect score
was negatively associated with a change in cartilage
defect score for the medial and lateral compartments in
univariate analysis and remained signiﬁcant after adjustingTable I
Change in cartilage defect score fro
Baseline
(n¼ 117)
2-Year follow-up
(n¼ 117)
Medial tibial cartilage defect score 2.0 (1.1) 2.3 (1.4)
Medial femoral cartilage defect score 1.4 (1.3) 2.0 (0.9)
Medial tibiofemoral cartilage defect score 3.4 (2.3) 4.4 (1.6)
Lateral tibial cartilage defect score 1.8 (0.8) 1.9 (1.1)
Lateral femoral cartilage defect score 0.8 (0.9) 1.5 (0.9)
Lateral tibiofemoral cartilage defect score 2.5 (1.7) 3.4 (1.3)
Total cartilage defect score 5.9 (3.0) 7.7 (2.7)
Cartilage defect score at 2-year follow-up available for 116 subjects.
*Comparison between baseline and 2-year follow-up cartilage defect sfor confounders (P< 0.001). Baseline tibial bone plateau
area was positively associated with change in defects in
both the medial (P¼ 0.002) and lateral compartments
(P¼ 0.03) after adjusting for confounders. In the medial
compartment, being female (P¼ 0.01) was associated
with worsening of cartilage defects. Height, weight, and
BMI were not signiﬁcantly associated with the change of
cartilage defects. Annual change in cartilage volume was
not associated with cartilage defects over 2 years within
the medial [regression coefﬁcient 0.54 (95% conﬁdence
interval (CI) 0.23, 1.3) P¼ 0.2] or lateral [regression
coefﬁcient 0.06 (95% CI 0.7, 0.9) P¼ 0.9] compartment
after adjusting for confounders. Including baseline knee
alignment in the regression model did not change the
results except that gender was no longer found to be sig-
niﬁcant in the medial compartment (P¼ 0.2). Within the
medial compartment there was a trend for osteophyte
grade at baseline to predict cartilage defect progression
(regression coefﬁcient 0.1 (95% CI 0.06, 0.21) P val-
ue¼ 0.06) after adjusting for confounders. No association
between joint space narrowing and progression of carti-
lage defects was seen. Within the lateral compartment,
osteophyte grade did not predict cartilage defect progres-
sion while a trend with joint space narrowing (regression
coefﬁcient 0.2 (95% CI 0.005, 0.36) P value¼ 0.06)
was observed after adjusting for confounders. There was
no signiﬁcant association between baseline physical activ-
ity score or WOMAC score or use of non-steroidal anti-
inﬂammatory drugs and the change in cartilage defects
over 2 years (results not shown).Discussion
In this study, we found that cartilage defects tend to
progress over 2 years in people with symptomatic knee
OA. Factors associated with progression of cartilage
defects were increasing age and baseline tibial bone
area. Although female gender was signiﬁcantly associated
with progression of cartilage defects, it was no longer sig-
niﬁcant after adjusting for knee alignment. Baseline carti-
lage defect score was negatively associated with the
change in cartilage defects.
Our ﬁnding that cartilage defects generally progress over
time is consistent with other published research, in both
symptomatic and asymptomatic populations9,15,16,18. Longi-
tudinal studies examining the natural progression of tibio-
femoral cartilage defects in symptomatic populations have
had contradictory ﬁndings9,15,17,18. Ding et al. showed that
33% of defects progressed and 37% improved15. In contrast
Boegard et al. and Amin et al. showed that the majority ofI
m baseline to 2-year follow-up
P value* Increased (%) Unchanged (%) Decreased (%)
<0.001 32 67 1
<0.001 62 17 21
<0.001 68 13 19
0.30 33 41 26
<0.001 62 37 1
<0.001 66 18 16
<0.001 81 15 4
core, determined by paired t test.
Fig. 1. MR image showing a cartilage defect score at both medial tibia and medial femur progressed from grade 3 at baseline to grade 4 at
follow-up.
340 M. L. Davies-Tuck et al.: The natural history of cartilage defectsdefects remain unchanged over time9,18. However, within
these studies either not all participants had radiographically
diagnosed OA9,15 or they used only semi-quantitative
methods and were unable to determine the relationship
between cartilage volume, joint size and change in
defects17,18.
Our ﬁndings are also consistent with other studies that
suggest cartilage repair occurs, as shown by regression
of cartilage defects15,16, especially amongst the most se-
vere lesions16. Although these ﬁndings may suggest carti-
lage repair, it is also possible that the observation of
improvement of cartilage defects may be in part, due to
measurement error. The reproducibility of our scoring of
cartilage defects was high and for a cartilage defect to be
classiﬁed as present, it had to be observed in at least two
consecutive MRI images, where the slice thickness was
1.5 mm. Thus partial volume averaging and errors in our
grading are likely to only, in part, explain the observed
improvement in defects and equally result in an apparentTable I
Factors affecting annual change
Univariate analyses, regre
coefﬁcient* (95% CI)
Medial tibiofemoral cartilage defects
Age (years) 0.006 (0.01, 0.02)
Genderz 0.25 (0.06, 0.56)
BMI (kg/m2) 0.008 (0.02, 0.04)
Baseline cartilage defect score 0.27 (0.32, 0.23)
Baseline tibial cartilage volume (ml s) 0.296 (0.03, 0.62)
Baseline tibial plateau bone area (cm2) 0.06 (0.09, -0.02)
Lateral tibiofemoral cartilage defects
Age (years) 0.001 (0.013, 0.015)
Genderz 0.39 (0.68, 0.11)
BMI (kg/m2) 0.001 (0.03, 0.03)
Baseline cartilage defect score 0.314 (0.379, 0.24
Baseline tibial cartilage volume (ml s) 0.574 (0.343, 0.805)
Baseline tibial plateau bone area (cm2) 0.01 (0.06, 0.03)
*Change in cartilage defect score per unit increase in respective varia
yChange in cartilage defects score per unit increase in respective vari
score, baseline cartilage volume and baseline tibial plateau area in regre
zMales¼ 0 and females¼ 1.increase in cartilage defects. This ﬁnding of a negative
association between baseline cartilage defect score and
cartilage defect progression may also reﬂect a regression
to the mean or ceiling effect. However, we have previously
shown that cartilage defects progress more rapidly in the
early stages and are less likely to progress when they are
more severe16. Since these results replicate those found
in a different population, this makes them more biologically
plausible15. These ﬁndings, taken together with experimen-
tal studies in animals showing that cartilage had signiﬁcant
capacity for self-repair of small sized defects (3e6 mm in
diameter) with hyaline or ﬁbrocartilage36,37 indicate the pos-
sibility that this ﬁnding reﬂects the reversible nature of car-
tilage defects in OA progression.
We have previously shown that age and gender are asso-
ciatedwith cartilage defects in cross-sectional studies of peo-
ple with OA12,14,32 and the progression of defects15,16 in
a healthy population. In this study, we found cartilage defects
were more likely to progress in women, compared to men.II
in cartilage defect scores
ssion P value Multivariate analyses,
regression coefﬁcienty (95% CI)
P value
0.45 0.01 (0.003, 0.024) 0.01
0.12 0.41 (0.09, 0.73) 0.01
0.60 0.005 (0.02, 0.03) 0.61
<0.001 0.34 (0.41, 0.27) <0.001
0.07 0.06 (0.35, 0.23) 0.68
0.001 0.07 (0.03, 0.12) 0.002
0.90 0.009 (0.002, 0.02) 0.13
0.01 0.002 (0.33, 0.33) 0.9
0.92 0.004 (0.02, 0.03) 0.73
9) <0.001 0.35 (0.44, 0.26) <0.001
<0.001 0.05 (0.20 0.31) 0.69
0.59 0.06 (0.004, 0.11) 0.03
ble.
able after adjusting for age, gender, BMI, baseline cartilage defect
ssion equation.
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OA38,39 and our results are consistent with this. However
when knee alignment, a risk factor for cartilage defects40,
was included in the model, the association of gender was
no longer signiﬁcant suggesting that the effect of gender on
cartilage defects may be mediated via knee alignment.
In this study, we found that baseline tibial bone plateau
area was positively associated with a change in cartilage
defects over 2 years. Bone size has been previously identi-
ﬁed as a risk factor for both the prevalence and severity of
cartilage defects in healthy3,14 and OA populations41 and
more recently for the progression of cartilage defects in
healthy individuals15. Increased bone size or expansion
may result in splitting of articular cartilage and the progres-
sion of cartilage defects3,15,42. Tibial subchondral bone area
therefore predicts cartilage defects which, in turn, predict
loss of cartilage volume13. As cartilage loss is the hallmark
of established OA, with 60% of cartilage lost by end-stage
knee OA2, tibial subchondral bone area expansion may
be a primary event in OA. Consistent with this, knee carti-
lage defect severity was positively associated with urinary
levels of C-terminal crosslinking telopeptide of type II colla-
gen (CTX-II), a speciﬁc index for cartilage breakdown3.
These results, together with the results of the current study
suggest that prevention of tibial subchondral bone expan-
sion and cartilage defects at an early stage may prevent
the development of established knee OA13,15.
This study has a few potential limitations. Although these
include loss to follow-up which introduces bias, there were
no signiﬁcant differences between those who completed
the study and those who did not in terms of previously iden-
tiﬁed risk factors for OA (age and BMI)12,32. This study also
examined people with symptomatic OA, and therefore these
results may not be generalisable to the asymptomatic popu-
lation. Furthermore, although the grading scale we used is
highly reproducible, and correlated with histological3 and
arthroscopic ﬁnding29,31, it is based only on defect depth.
Other scales include defect diameter43 and a new 8-point
grading scale [Whole-Organ MRI Score (WORMS)] which
assesses cartilage defects by depth and width, in each of
15 articular surface regions44. This expanding scale system
may be more capable of capturing different patterns of re-
gional cartilage loss but is not strictly linear as focal defects
progress to diffuse cartilage thinning thus the scale may be
more diffuse than our scale which focuses purely on defect
depth45. Finally, we were unable to examine the relationship
between bone marrow lesions and meniscal damage on car-
tilage defect progression in this study as these could not be
measured from the sequences examined in this study.
In conclusion, cartilage defects tend to progress in
people with symptomatic OA with only a small percent-
age decreasing. Increasing age, female gender and
increased bone area are risk factors for progression of
cartilage defects. As cartilage defects are associated
with cartilage loss and joint replacement, interventions
aimed at reducing tibial bone size may have a role in
reducing progression of cartilage defects and warrant fur-
ther investigation.
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